By flowing gases through arrays of microhollow cathode holes, large area ͑12 mm in diameter͒ uniform and stable discharges could be generated by a rf power supply. Both the rf power and the gas flow through the cathode holes played key roles in maintaining uniform and stable discharges. The discharges could be stable for a period longer than one hour in pure helium ͑He͒ and in He containing 1% hexamethyldisiloxane ͑HMDSO͒. By using a third steel electrode biased with a pulse power supply ͑100 kHz, 50% duty cycle͒, the plasma from arrays of cathode holes could be extended to 20 mm in length. Amorphous carbon films deposited by the extended atmospheric plasma using 1% HMDSO/He reactants exhibited the same structure as those by low pressure plasma chemical vapor deposition.
By flowing gases through arrays of microhollow cathode holes, large area ͑12 mm in diameter͒ uniform and stable discharges could be generated by a rf power supply. Both the rf power and the gas flow through the cathode holes played key roles in maintaining uniform and stable discharges. The discharges could be stable for a period longer than one hour in pure helium ͑He͒ and in He containing 1% hexamethyldisiloxane ͑HMDSO͒. By using a third steel electrode biased with a pulse power supply ͑100 kHz, 50% duty cycle͒, the plasma from arrays of cathode holes could be extended to 20 mm in length. Amorphous carbon films deposited by the extended atmospheric plasma using 1% HMDSO/He reactants exhibited the same structure as those by low pressure plasma chemical vapor deposition. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1539296͔ Uniform atmospheric pressure nonequilibrium plasmas have been under intensive studies for many years by several groups. [1] [2] [3] [4] [5] Recently, Schoenbach et al. [6] [7] [8] and Eden et al. [9] [10] [11] developed microhollow cathode discharges around pressures of 1 atm. A stable glow discharge could be generated to replace unstable arcing. However, the large-area discharge uniformity remains a problem. Barankova et al. developed a fused hollow cathode discharge by modifying the design of microhollow cathodes. 12 A uniform large-area plasma at one atmosphere was developed, but unstable arcing occurred as the rf power was raised above 50 W.
The microhollow cathode arrays were most often studied as the light sources but much less for thin film depositions. A microhollow cathode discharge configuration is developed in this study by employing arrays of through microhollow cathode holes and a third electrode. The plasma can be extended to 20 mm in length by biasing the third electrode.
The electrode design for generating large-area atmospheric nonequilibrium plasmas in this study is illustrated in Fig. 1 . The top electrodes consisted of two perforated metal layers separated by a layer of perforated dielectric material. A commercial stainless steel screen with 0.3 mm mesh and 0.2 mm thickness was employed as one of the metal electrodes. A layer of cement clay ͑1 mm thick͒ was applied uniformly on top of the steel screen and then polished to high surface smoothness. Silver paste was then uniformly smeared ͑0.1 mm in thickness͒ on top of the cement clay. A mechanical driller was used to bore holes ͑0.3 mm diameter͒ through the cement and silver layers via the holes in the steel screen. Arrays of 160 holes were drilled within a circle of 12 mm in diameter. A 13.56 MHz rf power supply ͑Dressler Co., Germany, CESAR 1310, 1000 W͒ was connected to the cathode and the anode. Uniform and stable atmospheric discharges could be generated from the top electrodes alone by flowing helium ͑He͒ through the electrodes.
To extend the plasma length for the deposition of thin films, a third steel electrode was added at the position of 20 mm below the top electrodes. 13, 14 Si͑100͒ substrates were placed on top of the third electrode for film depositions. A 100 kHz pulse power supply ͑ENI Co, USA, RPG50, 10 s pulse duration, 50% duty cycle, 5 kW͒ was connected to the third steel electrode. A pulse power supply was used to avoid charge accumulation on insulated substrates or insulated films deposited. Amorphous carbon (a-C:H) films containing SiO x groups were deposited by flowing 1% hexamethyldisiloxane ͑HMDSO͒ ͓(CH 3 ) 3 -Si-O-Si-(CH 3 ) 3 ͔ in He through the top electrodes. The rf power was fixed at 20 W and the pulse power supply voltage at 300 V. The optical emission from the atmospheric discharge was analyzed by a spectrometer ͑Jobin-Yvon SPEX, Triax 550 with TE-cooled charge coupled device analyzer͒. The rf voltage and current were measured by a HP 100 MHz digital oscilloscope ͑HP54600B͒ with a current probe ͑Tektronix, AM 503B͒. The functional groups and the structure of the deposited films were analyzed by Fourier-transform infrared ͑FTIR͒ ͑Nicolet 550͒ and Raman spectroscopy ͑Dilor Co., laser micro-raman spectrometer with Innova 95-5 ion laser 514. ͑Digital Instrument, MultiMode™͒ and scanning electron microscopy ͑SEM͒ ͓Hitachi S4200 with energy dispersive spectroscopy ͑EDS͒ analysis͔. As shown in Fig. 2 , large-area uniform atmospheric glow discharges were generated using a 13.56 MHz rf power supply in microhollow cathode arrays with 2000 sccm helium flowing through. All cathode holes were ignited with stable and uniform glow without any filamentary or arc discharge. Also shown in Fig. 2 are the I -V characteristics of rf discharges in microhollow cathodes. The positive slope of the I -V curve indicates the operation in abnormal glow region ͑instead of arc region͒. Furthermore, both the pulse ͑33.3 kHz, 50% duty cycle͒ and the dc power supplies were also attempted to generate discharges from arrays of microhollow cathodes. Compared with the rf power supply at the same conditions, the pulse and the dc power supplies require a very high voltage, V rms ϳ400 V, to sustain weak discharges with very low currents ͑5 mA for dc and 25 mA for pulse͒. For the pulse and the dc power supplies, raising the voltage above 400 V caused arcing to occur and burned down the structures of cathode arrays even with a 200 ⍀ 50 W electric ballast installed. Evidently, rf power supply can generate a very stable plasma with a much higher efficiency than pulse or dc power supply. The lower sustaining voltages for rf discharges than those for dc and pulse discharges are due to the high frequency waveform stabilizing the plasma. 15 Another advantage is that rf discharge will not be affected by the dielectric films depsoited. 15 Stable discharges could be maintained for at least one hour either in He flow only or in deposition gases ͑1% HMDSO/He͒. The lifetime of microhollow cathode arrays was limited by the erosions of cement clay and Ag electrode. The whole experiments were completed in 1 h, and the array electrodes can be reused for more than five times.
The high gas flow rate through cathode holes is essential in maintaining a uniform and stable discharge. Once the gas flow was shut off, the large-area discharge instantly shrank and concentrated on several cathode holes. Arcing soon occurred and caused the breakdown of electrodes. The effects of gas flow are suspected to cool the electrodes and stabilize the discharges by avoiding the formation of arcs which have negative resistance characteristics.
The optical emission spectra from the discharges of 1% HMDSO/He gas is shown in Fig. 3 . Major emission peaks from the He discharge include 706 nm (3 3 S -2 3 P), 668 nm (2 1 P 0 -3 3 S), and 588 nm (
Water molecules exhibiting the peaks of 306 nm ͑OH, A 2 ͚ ϩ -X 2 ⌸) and 777 nm ͑O͒ should originate from the cement clay, whose temperature rose to around 80°C after discharging. Ag atoms exhibiting the peaks at 320-370 nm should evaporate from the silver paste. After adding 1% HMDSO in He, the peaks of CH 430 nm (A 2 ⌬ -X 2 ⌸), SiH ϩ 399 nm (A 1 ⌸ -X 1 ͚) and SiO 216 -292 nm (A 1 ⌸ -X 1 ͚ ϩ ) appeared and also the intensities of OH 306 nm and O 777 nm peaks increased.
The stable and uniform discharge from the microhollow cathode arrays served as an excellent atmospheric plasma source for plasma expansion. The plasma sheet from the cathode arrays was expanded directly onto the third steel electrode with a slight increase of discharging area. The diameter of the discharge near the microhollow cathode arrays was 12 mm, and that near the third electrode was 15 mm. Thin films were deposited on Si ͑100͒ substrates for 5 min by the HMDSO/He ͑30 sccm/3000 sccm͒ flow through the arrays of microhollow cathode holes. The films deposited exhibit Raman spectra shown in Fig. 4 consisting of two peaks at 1360 cm Ϫ1 ͑D band͒ and 1600 cm Ϫ1 ͑G band͒ characteristic of amorphous carbon. The high intensity of D band in this study indicates the relatively large amount of short-range fine clusters inducing more disordered structure than typical vacuum processes. Further studies on the film nanostructure are under way. EDS analysis indicated that the film composition should be C 1.3 SiO. Besides, SEM and AFM showed that the films were very smooth. As shown in Fig. 4 , the mean roughness was about 0.5 nm. FTIR spectra demonstrate that the films in this study have the same functional groups and the same relative absorption intensities as those by low-pressure plasma chemical vapor deposition using HMDSO at 50 mTorr, indicating the same structure for both films.
In conclusion, compared to dc and pulsed microhollow cathode discharges, the rf microhollow cathode discharges have lower ignition voltages and higher plasma stability ͑free of arcs͒, making it more applicable to plasma treatments of the delicate substrates at 1 atm. The atmospheric pressure plasma process will be suitable for low cost plasma processing.
